Nonlinear dynamics for estimating the tip radius in atomic force microscopy The accuracy of measurements in Amplitude Modulation Atomic Force Microscopy (AFM) is directly related to the geometry of the tip. The AFM tip is characterized by its radius of curvature, which could suffer from alterations due to repetitive mechanical contact with the surface. An estimation of the tip change would allow the user to assess the quality during imaging. In this work, we introduce a method for tip radius evaluation based on the nonlinear dynamic response of the AFM cantilever. A nonlinear fitting procedure is used to match several curves with softening nonlinearity in the noncontact regime. By performing measurements in this regime, we are able to maximize the influence of the tip radius on the AFM probe response, and this can be exploited to estimate with good accuracy the AFM tip radius. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4991471] Atomic Force Microscopy (AFM) has evolved into one of the most powerful tools in nanotechnology. [1] [2] [3] Through the introduction of different operating modes, AFM is increasingly being used in metrology for industrial applications. 4 The force interaction between the AFM tip and the sample is used to measure topography or other nanomechanical properties such as roughness or hardness. In the Amplitude Modulation mode (AM-AFM), surfaces are scanned with a resonating microcantilever that is driven at or near its first resonance frequency, and with every oscillation, the tip briefly touches the sample. A feedback loop keeps the vibration amplitude constant by adapting the distance between the sample and the base of the cantilever.
The resolution that can be achieved with AM-AFM is highly dependent on the tip sharpness. Difficulties in obtaining a precise tip radius calibration method have been pointed out in the literature. 5 In order to provide commercially viable processes with high quality measurements, it is desired to continuously assess the tip condition in between or even during measurements. By using a Scanning Electron Microscope (SEM), high-precision images with nanometer resolution can be obtained. However, the full reliability of the method is affected by the uncertainty on the angle at which the twodimensional image is captured. The contamination of the AFM tip is another important limiting factor of this approach. A more realistic 3D tip-shape characterization methodology is the "Blind Tip Reconstruction." 6 This technique has an increased risk of tip damage due to the additional tip-approach and scanning of the topographically challenging surface. Therefore, an accurate and safe in-situ estimation of the AFM tip radius is still an open research question. Using static mode force-spectroscopy, the nonlinear van der Waals forces have been analysed for fitting the values of the tip radius by data obtained from force-distance curves in the attractive regime. 7, 8 Dynamic mode AFM could potentially be another nondestructive way of estimating the tip radius during AFM measurements. In this mode, the information is obtained directly from the vibrations of the cantilever, which is essentially a repetitive approach curve. The analysis of the probe-surface interaction can be done by the acquisition of vibration amplitude vs. distance curves, the use of amplitude-frequency response curves, or by extracting the Fourier spectrum of the driving signal. 9 Exploring the first option, Santos et al. developed a method that is mostly empirical to identify the tip sharpness by obtaining approach/retract curves and inspecting the transitions from attractive to repulsive force regimes. 10 A study carried out by Holscher et al. 11 shows that the tip-sample potential can be experimentally obtained by measuring the shift of the resonance frequency as a function of the resonance amplitude of the AFM cantilever in frequency modulation. Hu et al. showed that the nonlinear behaviour of AFM cantilevers interacting with a sample can be exploited for parametric studies estimating the Hamaker constant by means of a harmonic balance based identification method. 12 In this letter, we report a parametric study of the frequency response of the oscillating cantilever in the noncontact mode and its use for assessing the tip radius. In this operating mode, the cantilever is periodically excited with a dither piezo at a distance of a few nanometers above the sample surface. The nonlinear response of the cantilever is then directly related to the van der Waals interaction potential between the sample surface and the AFM tip, which is proportional to the tip radius. Our theoretical study consists of a lumped parameter model subjected to the harmonic excitation and van der Waals tip-sample interaction. 13 The simulations in the attractive regime have been validated by experiments, and the nonlinearity of the tip-sample interaction has been demonstrated by experimental curves representing the amplitude-frequency relationship. A schematic representation of the situation is illustrated in Fig. 1 .
The tip of the AFM probe in its rest position has a distance z c from the sample. The amplitude of the oscillation around this reference position is indicated by the variable z. The interaction between the probe and the surface in the attractive regime is given by Published by AIP Publishing. 111, 123105-1
in which a assumes a value 0 or 1 in the case of a (hemi-) spherical or a flat circular tip, 14 respectively. H represents the Hamaker constant, R the tip radius, and a 0 the intermolecular distance, respectively. When the tip-sample distance d ¼ z c þ z is smaller than a 0 , other models apply for the AFM cantilever oscillation such as the Derjaguin-MullerToporov (DMT). 15 The DMT model combines an attractive van der Waals model governing the noncontact behaviour (d ! a 0 ) and a Hertzian contact formulation (d < a 0 ), which is proportional to the square root of R. However, the tip sample force expressed in Eq. (1) is either linearly dependent on R (a ¼ 0) or quadratically dependent (a ¼ 1), in the purely attractive domain. Thus, the conformation of the dynamical response as a function of the tip radius can be more easily determined by exploiting the noncontact region.
In AFM experiments, a lock-in amplifier is used to measure the amplitude and phase of the cantilever deflection signal with no contribution from higher modes and the absence of any internal resonance. 16 It is therefore valid to model the cantilever as a single-degree-of-freedom model as follows:
The cantilever beam with effective mass m and spring constant k c is actuated by a sinusoidal external signal with amplitude F and angular frequency x; Q and x n are the quality factor and the angular resonance frequency, respectively.
To perform a parametric study, the nondimensional form of Eq. (2) 
in which the dimensionless deflection and dissipation coefficient areẑ ¼ Assuming R as a sole varying parameter in Eq. (2), the frequency response of the system as a function of the tip-radius is reported in Fig. 2 . The presented frequency response curves were calculated with a pseudo-arc length continuation and bifurcation software package, 17 which allows us to follow the solution path and obtain stable and unstable solutions. The simulation analysis begins at the zero force level where the initial solution corresponds to the undeformed configuration of the system by choosing the excitation amplitude (k) as the continuation parameter at a fixed excitation frequency far from resonance (e.g., x < x n ). Once the desired force level is reached, the solution continues by considering the dimensionless excitation frequency (X) as the continuation parameter to obtain the frequency-amplitude response of the cantilever.
The frequency response in the attractive regime is governed by a softening behaviour as shown in Fig. 2 . The large values of the tip radius affect the position of the saddle-node points (points A and B, respectively), moving the peak of the response towards lower frequencies. Here, we remark that the implemented model analyses the motion only for the configuration for which d ! a 0 .
This theoretical behaviour has also been experimentally investigated. A commercial AFM (Nanosurf FLEX operated with the C3000 controller) was used to statically approach the inspected AFM cantilever towards the sample and to keep the reference distance z c of the tip with respect to the surface constant during the remainder of the experiment. An external multi-frequency lock-in analyzer (Intermodulation Products AB), directly connected to the AFM unit, excited the cantilever to allow the dynamic analysis. The cantilever probes used in the experiments are commercially available (NCLR, NanoWorld AG) with a nominal tip radius of 8 nm as indicated by the supplier. The sample used was Highly Oriented Pyrolytic Graphite (HOPG). For each experiment, a calibration of the spring constant k c of the cantilever based on a noninvasive method was performed 18 and the relative humidity was controlled (<10%).
In order to obtain the experimental frequency response curves with a repeatable and systematic method, the following steps were defined: (i) the cantilever was approached to the sample in the static mode (approach phase); (ii) a forcedistance curve was acquired recording the effective deflection of the cantilever. The forward motion was stopped at a small, arbitrarily chosen, cantilever deflection set point of 2 nm. The corresponding position was considered to be at the surface, i.e., where d % a 0 ; (iii) the cantilever was pulled back from the sample with a fixed backward length (the backward length corresponds to the distance from sample z c ); (iv) a closed-loop-controller on the z-axis motion was activated to avoid drifting away from this position; (v) the frequency was swept in the specified neighbourhood of the estimated resonance frequency and the vibrational amplitude was measured in order to obtain the experimental curves.
To investigate the tip-radius effect by minimizing the dangerous and most often destructive repulsive interaction with the sample, it is important to identify the noncontact regime. 19, 20 This can be done by sweeping the excitation frequency from below the resonance frequency to above and back again. Instead of reducing z c in the free-air amplitude while keeping the excitation F constant, also F can be increased while z c is being kept constant. The experimental results of the dynamical response with respect to the increasing values of the excitation amplitude are reported in Fig. 3 .
The accuracy with which the responses were measured permitted to clearly identify the transition from the purely attractive to the repulsive region. It can be seen from the socalled "backbone curve" (black line in Fig. 3 ) that the response was first governed by the softening behaviour due to the van der Waals forces, whereas it transitioned into hardening when the amplitude of the tip surmounted the intermolecular distance a 0 . With the information collected by the backbone curve, it was possible to verify that the chosen distance (z c ) and the excitation force amplitude were in the noncontact regime.
For the identification process, the properties of the cantilever and the Hamaker constant were assumed to be known. The height of the frequency response curves (regions I and III in Fig. 2 ) was primarily determined by F and the width (region II) by Q. Next, the positions of the saddle-node points (points A and B in Fig. 2 ) connecting the stable and unstable motion were matched considering the tip radius R as the fit parameter. Due to the softening nature of the curves, obtaining the data from the backward sweep was crucial for the fitting. An estimated uncertainty in a z c value of 61 nm was taken into account for the fitting procedure and a Hamaker constant H Si-HOPG ¼ 2.9656 Â 10 À20 J. 12 In Fig. 4 , we report for three different cantilevers the experimental frequency response curves and their corresponding fit interacting with the HOPG sample. To finish the experiments, the tip was removed without any additional approaching of the probe towards the sample and inspected using a SEM.
The experimental curves shown in Fig. 4 (a) are fitted with a spherical tip radius of R ¼ 19 6 6 nm. The obtained value of the tip radius is in good agreement with the extracted value from the SEM image that gives R ¼ 18 6 2.7 nm. The tip radius estimation in Fig. 4(b) was obtained, accounting for a blunted tip interaction (R ¼ 12 6 1.5 nm), and is in good agreement with the SEM measurement for a flat circular tip (R ¼ 10 6 2 nm). It should be noted that, by applying to this set of experiments the (hemi-)spherical model, the order of magnitude of the estimated value remains preserved (R ¼ 60 6 18 nm), although there is a large discrepancy between the SEM and the identified tip radius. This underlines that the (hemi-)spherical model could be a precautionary model if an in-situ tip estimation is to be performed since it provides a safer threshold for avoiding undesired tip deterioration. In Fig.  4(c) , a similar experiment was performed on a third cantilever by finding the frequency response curve only in the backward sweep. In this case, the tip radius (R ¼ 22 6 8 nm) is also close to the value by the SEM image (R ¼ 18 6 4 nm). However, to have a better comparison, the force-distance spectroscopy measurement for the third cantilever is also obtained and presented in Fig. 4(d) . As it can be observed, a static fit accounting for the interactions described in Eq. (1) could be achieved for a range with an optimal R ¼ 24 6 10 nm, which is within the tolerances of the estimation obtained by the current dynamic method. It is worth noting that, compared to the performed force-distance measurement, our method assesses the tip condition by looking solely at the frequency response curves in the attractive regime and thus does not allow further contact with the sample during tip assessment.
In summary, a methodology to determine the AFM tip radius has been presented. The method consists of the acquisition of frequency response curves in the attractive regime where the influence of the tip radius is predominant. The experimental frequency response curves are fitted to the model that includes the van der Waals force. It is found that exploiting the nonlinear dynamic response of the cantilever is a safe method for tip assessment.
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